The synthesis of a gene for the HIV TAT protein is described using a novel approach that capitalises on the ability to synthesise oligonucleotides of greater than 100 bp in length.
INTRODUCTION
In addition to the three principle genes gag, pol and env the Human immunodeficiency virus (HIV 1) possesses a number of shorter open reading frames with less well defined functions (1), see figure 1. The tat gene is composed of two exons and encodes the transactivator (TAT), a regulatory protein involved in the activation of the HIV long terminal repeat (LTR) (2, 3) . TAT is believed to exert its major effect on HIV gene expression by acting as an anti-terminator. Recent studies suggest that TAT interacts with a site in the transcribed R region of the LTR to prevent the premature termination of the RNA before it reaches the viral genes (4, 5) . Thus transcription beyond base 59 of the LTR derived transcript only occurs in the presence of TAT. The site at which TAT acts has been defined by deletion analysis and is known as TAR (for trans-acting response element) (6) . It is not yet known whether TAT exerts its effect via the genomic TAR or an mRNA structural motif encoded by TAR but it is becoming clear that regulation of expression from the 5' LTR involves the interaction of a number of other transcription factors in addition to TAT (7) . We are interested in further delineating the mode of trans-activation by TAT, the use of TAT and TAR in the construction of inducible expression systems and the production of TAT protein for structural and immunological studies. We decided therefore to build a modular tat gene that would be readily adaptable for expression in a number of systems and that would be amenable to subsequent genetic manipulation including cassette mutagenesis.
Examples of total gene synthesis are becoming increasingly common as the reliability of oligonucleotide synthesis and the efficiency of assembly methods continue to improve. Gene synthesis is now an invaluable tool for the molecular biologist because of the total control it affords over restriction sites, codon useage and subsequent genetic manipulation and expression of the gene. This is particularly true where the gene is refractory to manipulation because of a lack of useful restriction sites or because it is derived from a spliced RNA, as is true in the case of the TAT protein.
Methods of oligonucleotide synthesis have been reviewed extensively elsewhere (8) . A number of different methods for the assembly of oligonucleotides have been described which divide into two main groups. In the first pioneered by , both strands of the desired sequence are divided such that adjacent pairs of complementary oligomers possess short (4-7 base) cohesive ends. The oligomers are then synthesised, kinased and annealed in pairs prior to ligation into a duplex corresponding to the intact gene. The ends of the gene are also endowed with cohesive ends to allow subsequent cloning of the gene in an appropriate vector. A recent development has been the successful solid phase assembly of a gene for cow colostrum trypsin inhibitor (10) . The essential feature of these approaches is that both strands of the duplex are synthesised in their entirety.
The second strategy is based on the use of longer oligomers that share a complementary 3' end (11) . Annealing a pair of such oligomers results in a short duplex region with two long single stranded extensions. Treating this partial duplex with Klenow fragment of DNA polymerase I in the presence of all four dNTP's results in the conversion of this structure to a complete duplex with blunt ends. This method has been successfully applied to the synthesis of a gene for Eglin C (12) and could in theory be extended to the construction of larger genes. It is attractive in that it reduces the amount of oligonucleotide synthesis requi red.
We now describe an adaptation of the partial synthesis approach that relies on ir\ vivo gap repair, and its use in the synthesis of a gene for the TAT protein of HIV.
MATERIALS AND METHODS
Bacterial strains, mammalian cell lines and media.
E^ coli strains HW87 (a_raD139 (ara-leu)de!7697 (racIPOZY)del74 cja^U ga^K hsdR ££SL £r_l £ecA56) and AKEC28 (C600, thrC, leuB6, thyA, trpC1117, hsdRK, hsdMK) were used for plasmid cloning and preparation. E_^ coli cultures were grown in Luria broth containing carbenicillin at 100 //g ml" 1 when required.
Hela cell monolayer cultures were maintained in DMEM supplemented with 10% foetal calf serum, penicillin (100 //g ml"l) and streptomycin (100 ug ml" ). Twenty-four hours prior to transfection, cells were trypsinized and seeded at a density of 1 x 10 5 cells/50mm dish.
DNA manipulation.
Molecular cloning was performed by standard protocols (13) . Restriction enzymes, Klenow fragment of DNA polymerase I, T4 DNA ligase and polynucleotide kinase were purchased from BRL and New England Biolabs. Bglll linkers (CAAAAGATCTTTTG) were obtained from Celltech Ltd.. The synthetic tat gene was sequenced by the dideoxy chain termination method of Sanger modified for alkali denatured plasmid DNA (14, 15) . Oligonucleotide synthesis.
The oligomers were synthesised by automated solid phase phophoramidite chemistry using cyanoethyl phosphoramidites on an Applied Biosystems 380B oligonucleotide synthesiser. All syntheses were performed at the 0.2 //mol scale. Following de-blocking and removal from the controlled pore glass support the oligomers were purified on denaturing polyacrylamide gels as described (16) . To improve the resolution of the full length product, the long oligomers were separated on a gel prepared from 10% acrylamide, 0.4% bisacrylamide that was run overnight at 500V. The bands were visualised by UV shadowing and those corresponding to the full length product cut out and eluted using standard techniques.
For kinasing, 250 pmole of oligomer was dried down and resuspended in 20 (jl kinase buffer (70 mM Tris pH 7.6, 10 mM MgCl 2 , 1 mM ATP, 0.2 mM spermidine, 0.5 mM dithiothreitol). 10 u of T4 polynucleotide kinase was added and the mixture incubated at 37 for 30 min. The kinase was then inactivated by heating at 85° for 15 min. Mammalian cell transfections.
HeLa cells were transfected by the calcium phosphate method (17) using 2 fjq of HIVLTR-CAT plasmid (plus (pOGS210) or minus (pOGS209) the TAR region) in the presence or absence of 2 /jq of hCMV-TAT plasmid (pOGS213). Plasmid pCHHO was also included in each transfection. Plasmid pCHllO contains the SV40 early promoter region driving the expression of the B-galactosidase gene and is used to correct for minor differences in transfection efficiency (18) . Four hours after the addition of the precipitate, the cells were treated with 15% glycerol for 60 seconds (19), washed and incubated in complete media for 48 hours. A crude cell protein extract for the assay of chloramphenicol acetyl transferase (CAT) activity was prepared as described (20) . CAT and B-galactosidase assays.
CAT assays were performed as previously described (20). Crude cell protein extracts were incubated with 14 -1 C-chloramphenicol (CM) (Amersham; 50 raCi mmol ) in 0.25 M Tris pH 7.8 and 0.5 mM acetyl-CoA (Sigma) for one hour at 37°. Conversion of C-CM to the acetylated derivatives was monitored by thin layer chromatography and quantitated by liquid scintillation counting. B-galactosidase assays were performed as described (21). Standard plasmids. pTatenv5 was kindly provided by Dr. R. Jarrett and was used as the source of HIV-LTR fragments. Plasmids pSVOCAT (20), pCMVCAT (22), pRSV-B-globin (23) and pUC18 (24) have been described previously. Plasmid pCHHO was purchased from Pharmacia. Construction of a^ synthetic tat expression vector.
Plasmid pKV461 contains the promoter region of human cytomegalovirus (hCMV) (23), a unique Bglll expression site, the splice and polyadenylation signals of SV40 and a pBR322 fragment containing the origin of replication and ampicillin resistance gene (Mark Sowden, per. comm.).
The synthetic tat gene was assembled by mixing 10 pmol of oligomers BB512 and BB513 with 20 pmol each of oligomers BB511, BB514 and BB515. BB513 had previously been kinased with T4 polynucleotide kinase by standard methods (13) to provide a 5' phosphate group. The mixture was then heated to 90°C for 10 minutes, cooled slowly to allow the oligomers to anneal, followed by ligation with Hindlll-EcoRI digested pUC18. Plasmid DNA from carbenicillin-resistant colonies was subjected to restriction analysis and clones containing the expected 290bp insertion were sequenced. Plasmid pOGS212 which contains the correct tat gene sequence was then digested with Ncol and BamHI, the 270bp tat fragment end-repaired with Klenow fragment and blunt-end ligated into the filled-in Bglll site of the expression vector pKV461 to generate plasmid pOGS213. Construction of HIVLTR-CAT assay plasmids.
A 723bp Xhoi-Hindlll and a 509bp Bglll fragment were isolated from plasmid pTatenv5. Both fragments contain the 3' LTR of HIV strain HTLV-III . The Xhoi-Hindlll fragment also contains the TAR region ( -17 to +82 ; (7) ) whereas the Bglll fragment does not.
The Xhoi-Hindlll fragment was filled in with Klenow fragment and inserted into the filled-in Hindlll site of plasmid pSVOCAT to create plasmid pOGS210 (+TAR). The Bglll fragment was inserted directly into the unique Bglll site of a derivative of pSVOCAT in which the Hindlll site has been converted to a Bglll site. The resulting plasmid is designated pOGS209 (-TAR).
RESULTS

Gene Design.
The amino acid sequence of the TAT protein has been described (2, 3 aiming for a compromise between E.coli and yeast codon bias using published tables of codon usage (24). In practice this presented difficulty in the assignment of codons for a number of amino acids where the favoured codon(s) in one organism was disfavoured in the other. For example, in the case of leucine codons E.coli strongly favours CTG whereas yeast favours TTG. For the codons where no compromise choice could be made we adopted the strategy of alternating the codon choice such that runs of suboptimal codons for one organism were avoided. In addition, a number of restriction sites were built into the sequence to facilitate the subsequent manipulation of segments of the tat gene. The codon selection was then randomised within this set of constraints by computer and the sequence checked finally to ensure that there were no regions of extensive direct or inverted repeats. To simplify the incorporation of the tat gene into expression vectors a number of flanking restriction sites were chosen including an upstream Hindlll site and downstream BamHI and EcoRI sites. Provision was also made for the construction of tat Gene Assembly. The top (message) strand of the tat gene was synthesised as the two large oligomers BB512 (144mer) and BB513 (139mer), see figure 3a . The ligation of these two large oligomers, and their subsequent cloning into the plasmid vector pUC18 was then accomplished through the use of small complementary bridging oligomers as detailed in the materials and methods. Briefly, BB511 is a 16mer that is complementary to the 3' 8 bases of BB512 and the 5' 8 bases of BB513. BB514 is an 11 mer that serves as an adapter by annealing to the 5' end of BB512 in such a way as to leave a four base Hindlll compatible cohesive end. Similarly, BB515 is a 14 mer that anneals to the 3' end of BB513 to provide an EcoRI cohesive end. The two end adapters were designed to be generic in that they can be used for the cloning of any gene synthesised by this method providing the flanking restriction sites chosen are the same.
To minimise the possibility of mis-ligation only BB513, the 3' of the two large oligomers, was kinased. All five oligomers were annealed with the three small adapter and bridging oligomers in two fold molar excess. The annealed mixture was then ligated to Hindlll/EcoRI digested pUC18 DNA and transformed into HW87. This procedure allows the top (sense) strand to be ligated to the vector resulting in plasmid DNA carrying a single stranded gap covering the tat gene. We were relying, therefore, on i_n vivo gap repair to fill in the single-stranded region.
Of 48 clones analysed by restriction analysis, 7 released the expected Hindlll-EcoRI fragment. Three clones were fully sequenced and one was found to be correct. One mutant clone carried a G->A transition at position 274, the other was found to carry a one base pair deletion at position 27 and an insertion of a G residue at position 221. We have insufficient evidence at present to comment on the mutagenicity of this approach compared to conventional gene synthesis methodologies.Expression of the synthetic tat gene in HeLa cells.
Expression of the tat gene was demonstrated in HeLa cells by a co-transfection assay in which the ability of TAT to activate expression of the CAT gene transcribed from the HIV 3' LTR is estimated. Similar approaches have been used by other groups (2) (3) (4) (5) (26) (27) (28) (29) (30) (31) (32) (33) . In this series of experiments the synthetic tat gene is expressed from the hCMV promoter in the plasmid pOGS213 and two different HIV-CAT constructs were employed that either contain (pOGS210) or lack (pOGS209) the TAR region (see figure  4a ). The derivation of these plasmids is detailed in the materials and methods.
The results of a typical co-transfection assay are shown in figure 4b . In the absence of TAT, low but significant levels of CAT activity can be detected with both the TAR + and TAR~ HIV-CAT constructs. It also appears that the presence of TAR causes a slight but reproducible diminution of CAT expression. The presence of TAT, however, whilst having no effect on the TARH IV-CAT construct, results in a massive increase in expression from the TAR + HIV-CAT construct. By repeating the assays with less cell extract and quantifying the conversion using liquid scintillation counting we estimate the degree of activation observed with the TAR construct pOGS210 in the presence as opposed to the absence of pOGS209 as about 300 fold.
This observation demonstrates conclusively that the synthetic tat gene is capable of expressing functional product and is an independent confirmation that it is the tat ORF that encodes the trans-activating function as opposed to another overlapping ORF since the design of the synthetic gene effectively scrambles the sense of the other two frames.
DISCUSSION.
The gene synthesis protocol described in this paper has been successfully applied to the assembly of a gene for the TAT protein of HIV. This novel strategy of gene assembly capitalises on the ability of modern oligonucleotide synthesisers to build oligomers approaching 200 bp in length and reduces the amount of oligonucleotide synthesis required by 40-50%, particularly if use can be made of generic adapter oligonucleotides. The small bridging oligomer is additionally useful because it can be employed as a sequencing primer.
The other partial synthesis approach to gene assembly that has been described is particularly prone to re-arrangements and deletions because of the iji vitro polymerase step that occurs prior to ligation to the vector. For this reason it has not been found as reliable as the double stranded approach and has not been widely used. The single stranded cloning approach described in this paper avoids the problems associated with the polymerase step because repair occurs subsequent to ligation of the insert to the vector. We have not found the approach to be significantly more mutagenic than conventional double-stranded approaches to gene synthesis. The use of large oligomers in gene assembly does however exacerbate the need for care in the gel purification step since we have noticed an increasing tendency for one base bair deletions in genes assembled from large oligomers (whichever strategy of assembly is adopted).
Current work is directed towards applying this methodology to the assembly of larger genes through the use of three or more large oligomers.
